Asian Institute of Technology, Thailand; Higher Education Commission (HEC), Pakistan Development of water-saving techniques for irrigated lowland rice production system is a requirement in the context of increasing irrigation water scarcity. A pot experiment was conducted to evaluate the performance of selected lowland Thai rice varieties grown under different cultivation methods subjected to alternate wetting and drying (AWD) irrigation. Treatments consisted of three varieties (Pathumthani 1, RD57 and RD41), three cultivation methods (dry direct seeding [DDS], wet direct seeding [WDS] and transplanting [TP]) and four AWD irrigation levels (re-watered when soil water potential reached at 0, −5, −15 and −30 kPa). DDS resulted in higher grain yield at −5 and −15 kPa (74 and 68 g/pot, respectively) with a respective reduction of 15 and 34% under WDS and TP at −5 kPa, and 15 and 28% at −15 kPa. The highest water productivity was recorded at −30 kPa under DDS, which was reduced by 17-61% for other soil water potentials irrespective of varieties; however, grain yield was also reduced by 12-19% at −30 kPa. All varieties responded similarly to water-saving techniques (direct seeding and different levels of AWD) with non-significant differences in grain yield and water productivity; therefore, could be recommended to grow these varieties using water-saving techniques.
traditional inundated method of rice cultivation could be replaced with water-saving technique. This is critical for sustainable rice production in the context of changing climate scenarios.
Among several water-saving techniques, direct seeding (either dry or wet), alternate wetting and drying (AWD), aerobic rice system and system of rice intensification (SRI) are increasingly gaining popularity . Direct seeding is an alternative method of rice crop establishment requiring less water and labour inputs than transplanted-flooded rice (Liu et al., 2015) . In this method, seeds are directly sown into the soil either dry seeds into dry soil (dry direct seeding [DDS] ), pre-germinated seeds into wet and puddled soil (wet direct seeding [WDS] ) or dry seeds into standing water (water seeding) (Ullah, Datta, Shrestha, & Ud Din, 2017) . Direct seeding technique has received an increased attention in recent years, especially in Asia (Farooq et al., 2011) . This is mainly due to high water and labor demand for transplanting (TP), increasing water and labor scarcity, crop intensification along with rising interest in conservation agriculture and recent developments in direct seeding production systems (Kumar & Ladha, 2011; Ullah et al., 2017 ). An increase of 32-88% in water productivity has been reported for direct-seeded rice over transplanted rice (Bouman, Peng, Castaneda, & Visperas, 2005) .
AWD is one of the most widely promoted water-saving technique introduced by the International Rice Research Institute (IRRI) to cope with looming water crises for agricultural purposes, especially for rice . In AWD, irrigation water of about 2-5 cm is applied after an interval of between 2 and 7 days depending on soil type and environmental conditions followed by disappearance of ponded water from the soil surface (Tuong & Bouman, 2003) . Bouman, Humphreys, et al. (2007) recommended practicing of "safe" AWD to avoid a yield penalty in which field water level is not allowed to drop more than 15 cm below the soil surface. Rice yield response to AWD irrigation is highly variable. Some studies have found similar or even increased grain yield under AWD compared with continuously flooded conditions (Belder et al., 2004; Carrijo et al., 2018; Nyamai et al., 2012; Yang, Liu, Wang, Du, & Zhang, 2007; Yao et al., 2012; Zhang, Xue, Wang, Yang, & Zhang, 2009) . In contrast, a reduction in yield under AWD has also been reported (Bouman & Tuong, 2001; Xu et al., 2015) . Carrijo, Lundy, and Linquist (2017) conducted a metaanalysis to quantify the effect of AWD irrigation on rice yields and water use, and reported an overall 5.4% reduction in grain yield under AWD compared with continuous flooding cultivation system. However, there was no significant yield reduction under mild AWD (soil water potential of ≥−20 kPa). The slow adoption of AWD irrigation has been attributed to this uncertainty in yield performance. There has been report of increasing water productivity under AWD with respect to total water input and water-saving potential is generally higher than yield reduction (Yao et al., 2012) . Water-saving potential of these techniques ranges from 35% to 57% compared with traditional methods (Bhushan et al., 2007) . Similarly, 20-21% of water saving has been reported for TP with AWD and 32-34% for direct seeding with AWD (Jabran et al., 2015) .
Thailand is one of the major producers of rice in the world. Rice is cultivated in two main seasons in the country: rainy/wet season (May to October) and summer/dry season (November to April) with irrigation facilities. Major portion of the dry season rice (~55%) is cultivated in the Central Plain in irrigated fields (Titapiwatanakun, 2012) . Total seasonal water input (rainfall plus irrigation) to rice fields is almost two to three times higher than for any other upland cereal (Bouman, 2009; Bouman, Humphreys, et al., 2007; Bouman, Lampayan, & Tuong, 2007; Tuong, Bouman, & Mortimer, 2005) ; therefore, a slight decrease in water input will help reduce a large volume of irrigation water, especially during the dry season rice cultivation. The average yield of rice in Thailand is only 2.9 t/ha, which is less than the average rice yield in many Asian countries. Rice production system in Thailand necessitates various technological interventions to ensure profitability and reduce risk from adverse weather events such as drought, submergence and rainfall variability. Upland ecosystem in Thailand is mostly affected by drought and poor soil fertility, whereas pest infestation and water scarcity are the major constraints for irrigated lowland ecosystem. Various measures such as proper selection of variety, appropriate water management practice, optimum dose and timings of fertilisers application and appropriate planting date are required for the overall improvement of rice yield in Thailand.
The popularly grown rice varieties such as Pathumthani 1, RD57
and RD41 in the Central Plain of Thailand are lowland varieties (rainfed plus irrigated) commonly cultivated under traditional flooded conditions. To the best of our knowledge no published literature is available dealing with the cultivation of these high-yielding varieties under direct seeding method subjected to AWD. We hypothesised that these popular lowland varieties will perform equally well under water-efficient cultivation techniques such as direct seeding and AWD irrigation (with variation in the range of water management regimes). The objective of the present study was to examine the effects of cultivation methods and AWD irrigation levels on the growth, yield and water productivity of these lowland Thai rice varieties.
| MATERIALS AND METHODS

| Plant materials and growing conditions
The experiments were conducted in a polyhouse at the Asian Institute of Technology, Bangkok, Thailand (14.0791 N, 100.6114 E). Seeds of Pathumthani 1, RD57 and RD41 rice varieties, released for lowland (rainfed plus irrigated) rice fields in the Central Plain, were collected from the Pathum Thani Rice Research Center, Thailand. These varieties are photoperiod-insensitive and can be grown throughout the year in tropics as long as irrigation water is available (Yoshida, 1981) .
Their maturity period ranges from 107 to 110 days (as broadcasting) or 117 to 120 days (as TP). Seeds were surface-sterilised with 10% H 2 O 2 for 10 min and rinsed thoroughly with distilled water, and then soaked in distilled water for 24 hr before sowing on nursery trays for TP 
| Data collection
Data on growth parameters, yield, yield attributing characters and irrigation water productivity were collected. One day before harvesting, plant height (cm) was measured from the ground level to the top most panicle. Number of tiller per pot was counted at harvest. Leaf greenness was measured at maximum tillering stage from the healthy flag leaf of each plant using a SPAD chlorophyll meter (SPAD-502 Chlorophyll Meter, Minolta Co. Ltd., Japan). At harvest, yield attributing characters such as panicle number per pot, spikelet number per panicle, filled grain percentage, 1,000-grain weight (g) and harvest index were determined. Shoot dry matter (g) was determined by measuring the weight of rice shoot oven-dried at 80 C until constant weight. Panicle was not included in the measurement of shoot dry matter. Grain yield (g) was measured as the weight of fully filled grains and was adjusted to 14% moisture content. Irrigation water productivity was calculated by dividing the grain yield (kg) by total water input (m 3 ) Ginigaddara & Ranamukhaarachchi, 2016) .
| Statistical analysis
The data represent the average of the two experiments as there was no time by treatment interaction. Data were analysed using the analy- RD41 were similar at all soil water potentials ( Figure 3b ). RD41 had 5% higher SPAD value than RD57 at −5 kPa, whereas Pathumthani 1 (44) and RD41 (43.7) both had 4% higher SPAD values than RD57 at −30 kPa. For RD57, maximum SPAD value was recorded at −15 kPa (43.4) followed by −30 kPa (42.1) with no significant difference. SPAD values were higher under TP irrespective of soil water potentials ( Figure 3c ). At −5 kPa, TP had 7% and 8% higher SPAD values than DDS and WDS, respectively. At −15 kPa, WDS and TP had significantly higher SPAD values of 4 and 7% than DDS, respectively. Cultivation methods had no effect on SPAD values at −30 kPa.
| Grain yield and yield attributing characters
The three tested varieties responded similarly to cultivation methods and water regimes for grain yield ( The effect of decreasing soil moisture was not evident on filled grain percentage of RD57 and the same was also true for RD41 up to (Table 2 ). RD41 had maximum 1,000-grain weight (31.3 g) at −30 kPa under DDS, which was statistically at par with RD57, but 15% more than Pathumthani 1. All cultivation methods had similar 1,000-grain weight irrespective of varieties and soil water potentials, except RD57 at −5 kPa and RD41 at −30 kPa. RD57 had the highest 1,000-grain weight at −5 kPa under WDS with a respective reduction of 22, 20 and 25% at 0, −15 and −30 kPa. RD41 had maximum 1,000-grain weight at 0 kPa under WDS, which was statistically at par with −5 kPa, but 19% and 18%
higher than −15 and −30 kPa, respectively.
Pathumthani 1 had maximum harvest index at 0 kPa under DDS and WDS, but RD57 had maximum harvest index under TP at the same soil water potential (Table 3) 
| Water productivity
The response of the three tested varieties was similar to cultivation methods and water regimes for water productivity (Table 1, Figure 8 ).
Water productivity increased with decreasing soil water potential across cultivation methods. Water productivity was higher at all soil non-saturated soil without ponded water under supplemental irrigation). In contrast, Kato, Okami, and Katsura (2009) reported no yield penalty of a lowland rice cultivar, Cocodrie, when grown under aerobic conditions. Similarly, a Japanese cultivar, Takanari, produced more than 10 t/ha grain yield under aerobic conditions (Kato et al., 2009) .
Varietal response to water-saving cultivation techniques is mostly determined by genetic background of the variety and physiological processes.
Pathumthani 1 and RD57 had higher number of panicle at −5 kPa, while RD41 produced similar number of panicle across soil water potentials. Our findings are similar with Dou et al. (2016) , who also found more number of panicle per plant of "Rondo" cultivar under aerobic condition, which was decreased towards saturated and flooded conditions, whereas another cultivar, Cocodrie, had similar The difference among varieties was more evident for another important yield contributing character, filled grain percentage, which is in line with the findings of Dou et al. (2016) . The effect of decreasing soil water potential was clearly visible during the present study, which contradicts the findings of Dou et al. (2016) , who reported no significant effect of soil moisture on spikelet per panicle. We observed less number of filled grain percentage at −30 kPa. This poor grain filling could result from high soil moisture tension imposed in the root zone as spikelet sterility is a typical response of rice growing under water-deficit stress .
A significant three-way interaction among variety, cultivation method and soil water potential was evident for 1,000-grain weight, which is an important yield contributing parameter (Table 2 ). In a similar three-factor study (cultivar, soil type and water regime), Dou et al. (2016) observed only cultivar effect on grain weight as against the present findings. Grain weight of rice changes with varieties depending on its genetic background and is linked with hull size (Yoshida, 1981) . Pathumthani 1 had similar 1,000-grain weight across soil water potentials, which is similar to Dou et al. (2016) , who reported similar 500-grain weight of tested cultivars across aerobic, saturated and flooded conditions. In contrast, a significant reduction in 1000-grain weight was recorded in seven of the eight rice-growing seasons under aerobic conditions (Peng et al., 2006) .
Variation in harvest index among the three tested varieties was evident at 0 and − 5 kPa, especially under DDS and TP. Variation in harvest index among different cultivars of the same species is mostly caused by differences in grain population density resulting from differences in tiller fertility and survival of spikelets, but individual grain weight does not play a major role in this variation (Hay, 1995) 
| Effects of cultivation method and water management on yield and yield attributing characters
In the present study, a significant difference was observed for most of the growth parameters, yield contributing characters, grain yield and water productivity among the three cultivation methods. Grain yield was higher under DDS at −5 and −15 kPa; however, a significant reduction in grain yield was observed at −30 kPa (Figure 4) . Despite higher water productivity, AWD irrigation when soil water potential reached up to −30 kPa cannot be safely recommended for the tested varieties due to yield penalty. The effect of decreasing soil water potential was more evident on TP followed by WDS; therefore, cultivation method should be a point of consideration while recommending water-efficient cultivation techniques such as AWD. AWD irrigation when soil water potential reached up to −15 kPa could be feasible under DDS and WDS cultivation methods without sacrificing yield, while yield was higher at 0 kPa under TP. The relationship between field water level (depth to the perched water table) and soil water potential at 15 cm soil depth has been proposed where soil water potential at 15 cm field water level (soil water depth) is equivalent to 0-10 kPa for loam and clay loam soils (Lampayan, Rejesus, Singleton, & Bouman, 2015) . This water table depth of 15 cm is also termed as "safe" AWD. Soil type is an important parameter for defining the threshold level of AWD. The soil used in the present study was clay soil; therefore, the relationship between field water level and soil water potential at 15 cm soil depth as described by Lampayan et al. (2015) is applicable for our studies. Based on this relationship, the current findings could also be applicable at field level. (Harada, Kobayashi, & Shindo, 2007; Mitchell, Fukai, & Basnayake, 2004; Rath, Misra, Pandey, & Singh, 2000; Sharma, Tripathi, Singh, & Kumar, 2004) . Du et al. (2014) also observed an increased plant height, spikelet number per panicle, 1,000-grain weight and grain yield of rice under direct seeding cultivation system; however, effective panicle per unit area and panicle length was unaffected. In another study, Ullah, Zaidi, Razzaq, and Bokhari (2007) found maximum number of productive tiller under direct seeding compared with TP, whereas panicle length and sterility percentage were similar between the two cultivation methods. Our results are different than Ullah et al. (2007) for sterility percentage as a significant difference among cultivation methods was evident. DDS has been reported to produce identical grain yield compared with TP, but reduce water input by 15.3% (Liu et al., 2015) . The authors observed higher panicle per metre under DDS, but more spikelet per panicle under TP. The results for panicle number are consistent with the present findings, but those for spikelet per panicle are in contrast with our results. Other yield contributing characters such as filled grain percentage and grain weight showed inconsistent trends, which contradict the present findings. Iqbal, Hussain, and Rasheed (2017) conducted a 3-year field trials to evaluate the efficiency of direct seeding versus TP cultivation method and reported significantly higher productive tiller per square metre, 1,000-grain weight, grain yield and high benefit-cost ratio under direct seeding compared with TP. Overall, the performance of DDS method of cultivation was superior in terms of grain yield irrespective of varieties, and hence could be recommended as a water-saving crop establishment method in lowland rice production system in the context of increasing irrigation water scarcity.
| Effects of cultivation method and water management on water productivity
There is an increasing interest on alternative ways of rice production such as direct seeding method of cultivation and intermittent irrigation for its sustainability in the context of decreasing irrigation water availability. Intermittent irrigation with different intervals could save a considerable volume of water without any yield penalty. Talebnejad and Sepaskhah (2014) observed a 53% reduction in irrigation water use in direct-seeded rice applied through intermittent irrigation at 4 days interval without any significant yield reduction. In the present study, water productivity was higher under DDS at soil water potential of −5 and −15 kPa. Our findings are similar to Joshi et al. (2013) , who also reported higher water productivity under DDS.
AWD practice increases water productivity with respect to total water input. Similar to Bueno, Bucourt, Kobayashi, Inubushi, and Lafarge (2010) , the current findings confirmed that AWD practice with a threshold soil water potential of −15 kPa is an efficient watersaving technique as it significantly reduced the water input resulting in an increase in water productivity without compromising yield. The present findings confirmed that the practice of AWD should involve moderate drying of soils as several studies have reported soil water potential in the range of 0 to −30 kPa (Kukal, Hira, & Sidhu, 2005; Lu, Ookawa, & Hirasawa, 2000; Zhang et al., 2009) , and some studies even have reported −30 kPa as high threshold (Kukal et al., 2005; Zhang et al., 2009 ). observed a better root system development of the same rice varieties used in the present study at a threshold level of −30 kPa and concluded that AWD at this threshold could be safely applied for these three tested varieties. For soils comparable to the present study, a possible threshold level for safe AWD could be −15 kPa without any loss in grain yield as soil water potential of −30 kPa caused a yield reduction despite having higher water productivity. In field conditions, reduced water input and high water productivity result from reduced seepage and percolation along with reduced evapotranspiration. However, seepage and percolation are strongly linked with soil texture and the rates are higher for light soils than heavy soils (Sharma, 1989) . The optimum threshold for obtaining maximum benefits of AWD is largely site-specific depending mainly on soil type and texture.
| CONCLUSION
All the tested three varieties showed similar response to water-saving management practice of direct seeding (dry) cultivation method and AWD irrigation; therefore, they are equally suitable for growing under these water-efficient techniques. Among four soil water potentials, most of the yield contributing characters and grain yield were higher at −5 kPa, whereas water productivity was higher at-30 kPa. Defining the threshold level for AWD should be based on soil texture and soil type, and −15 kPa could be a threshold level for the soil used during the present study as there was a combination of higher grain yield and water productivity. DDS had better performance for most of the growth parameters, yield contributing characters, grain yield and water productivity; therefore, could be recommended as a potential cultivation method for these lowland Thai rice varieties in situations comparable to the present experimental conditions.
